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One of t he  most d i f f i c u l t  and c r i t i c a l  problem i n  t h e  analjrsis of e x t e r n a l l y  
p re s su r i zed  gas bear ings i s  t h a t  of ana lyz ing  the  flow i n  the  v i c i n i t y  of 
t he  p o i n t  where t h e  gas is  fed  i n t o  the  bear ing.  The prine-ipal f e a t u r e s  of 
t h i s  en t rance  flow a r e  i l l u s t r a t e d  i n  Figure la. Gas i s  fed  t o  the  bear ing  
from a supply r e s e r v o i r  a t  pressure  P 
f eede r  ho le  i n  t h e  top  p la te  of t he  bearing. I n  pass ing  through the  o r i f i c e ,  
t he  s t a t i c  p res su re  of t h e  gas i s  reduced t o  a value  P a t  t h e  p o i n t  of t he  
vena con t r ac t a  downstream of t h e  o r i f i c e .  As t h e  high v e l o c i t y  j e t  i s s u i n g  
from t h e  o r i f i c e  impinges on the  t h r u s t  p l a t e  a t  the  bottom of t h e  f eede r  hole ,  
some of t h e  dynamic p res su re  of t h e  jet  w i l l  be recovered,  so t h a t  t h e  s t a t i c  
p r e s s u r e - P  a t  the  bottom of the  feeder ho le  w i l l  be somewhat g r e a t e r  than Pc. 
From t h e  feeder  ho le  t h e  gas e n t e r s  i n t o  the  narrow c l ea rance  gap between the  
two bear ing  p l a t e s ,  a c c e l e r a t i n g  i n  v e l o c i t y  as it  does so. Associated wi th  
t h i s  en t r ance  flow t h e r e  w i l l  be another vena con t r ac t a  po in t  a t  which t h e  
s t a t i c  p re s su re  P will reach  a minimum. Downstream of t h i s  vena con t r ac t a  
the  flow w i l l  d e c e l e r a t e  and expand t o  f i l l  t h e  e n t i r e  bear ing  gap. Due t o  
t h e  t u r b u l e n t  d i s s i p a t i o n  assoc ia ted  wi th  t h i s  expansion, t he  p re s su re  re- 
covered, PB - Pv, 
s o  t h a t  t h e r e  w i l l  be a n e t  pressure "loss", Pr - PB, accmpanying t h e  en- 
t r ance  of t he  flow i n t o  the  bear ing c learance .  A t  t h e  p o i n t r  i n  t h e  bear ing  
c l ea rance ,  laminar flow w i l l  have been e s t a b l i s h e d  so t h a t  t h e  p re s su re  d i s -  
t r i b u t i o n  i n  the  rest of t he  bearing can be c a l c u l a t e d  from the  Navier-Stokes 
equat ions  f o r  laminar flow. 





w i l l  be only a f r a c t i o n  of t h e  p re s su re  d i f f e r e n c e  Pr - p, 
B 
I n  a d d i t i o n  t o  the  phys ica l  s i t u a t i o n  descr ibed  above, a more compli- 
ca t ed  phys ica l  s i t u a t i o n  can arise when t h e  mass flow r a t e  through t h e  bear -  
i ng  i s  s u f f i c i e n t l y  g r e a t  s o  t h a t  t h e  flow i n  t h e  en t r ance  reg ion  of t he  bear-  
i ng  c l ea rance  becwes  supersonic .  I n  t h i s  ca se ,  t he  t r a n s i t i o n  t o  laminar 
flow i n  t h e  bear ing  c l ea rance  takes  p l ace  v i a  a normal shock o r  shocks as is  
shown i n  F igure  1b.Although t h i s  i s  a phys ica l ly  more complex s i t u a t i o n  than 
t h a t  occur r ing  when flow i s  everywhere subsonic ,  i t  i s  e a s i e r  t o  t r e a t  ana ly-  




FIG. la EXTERNALLY PRESSURIZED CIRCULAR THRUST BEARING 
IN SUBSONIC FLOW 
FIG Ib EXTERNALLY PRESSURIZED CIRCULAR THRUST BEARING 
IN SUPERSONIC FLOW 
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cons ide r  t h e  problem of determining t h e  feeding c h a r a c t e r i s t i c s  of hydro- 
s t a t i c  bear ings f o r  t h e  case of subsonic flow. I n  t h i s  d i scuss ion  w e  w i l l  
c o ~ ? s i d e t  he s p e c i f i c  case nf t h e  circular t h r u s t  hear ing  shnwn i n  Figtire la 
The r e s u l t s  obtained, however, apply gene ra l ly  t o  any bear ing i n  which t h e r e  
i s  r a d i a l  symmetry about t h e  feeding h o l e  and can be app l i ed  t o  t h e  bear ings 
l a c k i n g  such s p m e t r y  by appropriate  geometr ical  averaging. The s p e c i f i c  
a p p l i c a t i o n  of t h e  r e s u l t s  t o  t h e  NASA AB-5 bea r ing  w i l l  be considered i n  a 
s e p a r a t e  section. . 
SUBSONIC ENTRANCE FLOW 
The bea r ing  region w e  w i l l  be consider ing i n  t h e  d i scuss ion  of subsonic en- 
t r a n c e  flow i s  t h e  region from r = 0 t o  r = r shown i n  Figure la W e  s h a l l  
c a l l  t h i s  t h e  feeding region.  Since t h i s  region occupies gene ra l ly  only a 
n e g l i g i b l e  f r a c t i o n  of t h e  t o t a l  bearing area, the  d e t a i l s  of t h e  d i s t r i -  
bu t ion  of p re s su re  i n  t h i s  r eg ion  a re  no t  important w i th  r e s p e c t  t o  t h e  load 
c a r r y i n g  capac i ty  of t h e  bearing. What i s  very important,  however, is  t h e  
magnitude of t h e  o v e r a l l  feeding pressure loss, 
flow rate m y  bea r ing  c l ea rance  h ,  and t h e  geometry of t h e  feeding region. 
i s  c r i t i c a l l y  important because t h e  magnitude of t h e  p re s su re  level throughout 
t h e  bea r ing  i s  e s t a b l i s h e d ,  e s s e n t i a l l y ,  by t h e  magnitude of P t h e  down- 
stream pres su re  of t he  feeding region. 
B 
- PB, as a func t ion  of mass 
pS 
This  
B Y  
I n  t h e  case where t h e  diameter d, of t h e  o r i f i c e  hole  i s  very s m a l l  compared 
with t h e  diameter D and l eng th  L of t h e  f eed ing  ho le ,  and t h e  area a of t h e  
o r i f i c e  ho le  i s  small compared wi th  A o ,  t h e  flow en t r ance  area f o r  t h e  bear-  
i n g  c l ea rance ,  then t h e  o v e r a l l  feeding region p res su re  loss i s  due p r i n c i p a l l y  
t o  t h e  o r i f i c e  and can be r e a d i l y  determined. I n  t h i s  case t h e  recovered 
p res su re  P - P and t h e  c l ea rance  entrance loss P - P would be n e g l i g i b l e  r C r B 
compared w i t h  t h e  o r i f i c e  loss P - Pc. 
S 
I f ,  on t h e  o the r  hand, t h e  a r e a s  a and A are of t h e  s a m e  order  of magnitude, 
then P - P w i l l  be comparable t o  P - P and t h e  o v e r a l l  feeding r eg ion  
p r e s s u r e  l o s s  can n o t  be determined by consider ing the  o r i f i c e  p r e s s u r e  loss 
alone.  
o r i f i c e  dimension d ,  then t h e  recovered p res su re  P - P can be s i g n i f i c a n t .  
0 
r B S B 
A l s o ,  i f  t h e  feeder  ho le  dimensions D and L are  comparable t o  t h e  
r C 
c 
Genera l ly  speaking, t h e  pressure loss P - P occurr ing ac ross  t h e  bea r ing  
o r i f i c e  can be e a s i l y  p red ic t ed .  For one t h i n g ,  t h e r e  are ex tens ive  emp- 
irical data a v a i l a b l e  f o r  the ~ Q S  f l9 .3  c h a r a c t e r i s t i c  of s tandard o r i f i c e s .  
A l s o ,  i t  i s  a f a i r l y  easy matter t o  c a l i b r a t e  p a r t i c u l a r  o r i f i c e s  s e p a r a t e  
from t h e i r  assembly. On t h e  o the r  hand, t o  p r e d i c t  t h e  e x t e n t  of p re s su re  
recovered dm-stream of a hear ing o r i f i c e  and t o  p r e d i c t  t h e  p re s su re  l o s s  
f o r  t h e  f l o w  e n t e r i n g  t h e  bear ing clearance are r e l a t i v e l y  d i f f i c u l t  t a s k s .  
These q u a n t i t i e s  can no t  be t h e o r e t i c a l l y  c a l c u l a t e d ,  and gene ra l ly  they 
must be  measured f o r  t h e  p a r t i c u l a r  bear ing assembly of i n t e r e s t .  
however, t h e  u l t i m a t e  o b j e c t i v e  of  analyzing t h e  feeder  region of a gas 
bea r ing  i s  t o  be a b l e  t o  determine the r e l a t i o n  between t h e  o v e r a l l  feeding 
r eg ion  p res su re  l o s s  and t h e  mass flow rate ,  i t  i s  obviously more s t r a i g h t  
forward t o  measure and c o r r e l a t e  P - P 
s B  
p a r a t e l y  determine P - Pc, Pr - Pc, and Pr - PB. 
c i a t e d  wi th  d i r e c t  measurements of P 
t h e s e  measurements can be meaningfully c o r r e l a t e d  i n  terms of t h e  s i g n i -  
f i c a n t  geometrical  parameters of the feeding region. The rest  of t h i s  
s e c t i o n  w i l l  be devoted t o  d e r i v i n g  a n  equat ion which, i t  i s  hoped, can be 
e f f e c t i v e l y  used t o  c o r r e l a t e  values of P - P vs m. 
S C 
Since,  
d i r e c t l y  than t o  t r y  t o  se- 
One d i f f i c u l t y  a s so -  
S 
- P 
S B vs m i s  t h e  ques t ion  of whether 
S B 
F i r s t ,  w e  w r i t e  a n  expression f o r  the o r i f i c e  p re s su re  loss P - P . This 
can be done by w r i t i n g  t h e  i d e a l  i s e n t r o p i c  equat ion f o r  flow through an ori-  
f i c e  and mul t ip ly ing  t h i s  expression by an empir ical  vena c o n t r a c t a  c o e f f i -  
c i e n t  Y and an empir icai  " e f f i c i ency"coe f f i c i en t  . The l a t t e r  c o e f f i c i e n t  
accounts f o r  t h e  f a c t  t h a t  t h e  a c t u a l  flow would no t  be e x a c t l y  i s e n t r o p i c .  
0 C 
7 
m = mass flow r a t e  lbs/sec 
a = o r i f i c e  area i n  





ps = supply d e n s i t y  lb s / in J  
Pc = s t a t i c  p re s su re  a t  vena c o n t r a c t a  l b / i n  
k = r a t i o  s p e c i f i c  hea t s  = 1.4 f o r  a i r  





From t h e  viewpoint of phys ica l  understanding, Equation (1) i s  t h e  b e s t  
way of r e l a t i n g  t h e  flow through the o r i f i c e  t o  t h e  parameters a f f e c t i n g  
it, 
equat ion  f o r  compressible flow through an o r i f i c e  
I I  For s i m p l i c i t y ,  however, i t  i s  b e t t e r  t o  use  the  foi iowing workiiig" 
The f a c t o r  K i n  Equation ( 2 )  i s  the  vena con t r ac t a  o r i f i c e  c o e f f i c i e n t  f o r  
..-I Lucmpieas ib le  f l ~ w  hi le  Y1, c a l l ed  the expansion factor, is an  e ~ ~ p i r i ~ a l  
f a c t o r  t o  a d j u s t  t h e  equat ion  f o r  compressible flow. 
o r i f i c e s  K i s  u s u a l l y  about 0.61 while Y 
r a t i o  ac ross  t h e  o r i f i c e ,  vary ing  between 1 f o r  Pc/P 
For square edged 
i s  a func t ion  of t h e  p re s su re  1 
= 1 t o  about .87 f o r  
S 
Pc/Ps = 0.6. 
Next w e  cons ider  t h e  p re s su re  recovered a s  a r e s u l t  of t h e  h igh  v e l o c i t y  
o r i f i c e  j e t  impinging on the  bottom t h r u s t  p l a t e  of t h e  bear ing.  
be expressed i n  terms of a recovery f a c t o r  r def ined by 
This  can 
r ,  i n  genera l ,  w i l l  depend i n  some complex way on t h e  dimensions L,  D ,  and 
d and probably a l s o  upon the  r a t i o  Ps/Pc. 
determined a s  an empir ica l  func t ion  of m a s s  flow rate. 
For fixed g e m e t r y  i t  could be 
F ina l ly ,we cons ider  t he  p re s su re  loss P 
i n g  i n t o  the  bear ing  c learance .  
occurs  as a r e s u l t  of t h e  d i s s i p a t i o n  of t he  k i n e t i c  energy of t h e  e n t e r i n g  
flow i n t o  h e a t  by turbulence.  
a b l e  t o  be expressed i n  terms of an empir ica l  f a c t o r ,  Z2, mul t ip ly ing  t h e  
dynamic p res su re  of t he  flow en te r ing  the  bear ing  c learance .  
- P a s soc ia t ed  wi th  t h e  flow e n t e r -  r B 
As discussed  e a r l i e r ,  t h i s  p re s su re  l o s s  
This p re s su re  loss should,  t h e r e f o r e ,  be 
That i s  
3 * a  - Z m  
pr-pB - a j , p A ,  (4) 
The dens i ty  13 
flow a t  t h e  po in t  of maximum pressure  (po in t  of vena c o n t r a c t a ) .  
f o r  convenience, t h e  va lue  can be used i n  Equation ( 4 )  and the  d i f f e r e n c e  




j -6 - . 
4 
2 accounted f o r  i n  t h e  empir ica l  f ac to r  Z . One should note  t h a t  t he  a rea  
A. i n  Equation ( 4 )  should be mul t ip l i ed  by some c o e f f i c i e n t  t o  t ake  account 
of t h e  vena con t r ac t a  e f f e c t  i n  t h e  en t rance  t o  t h e  bear ing  c learance .  
This  c o e f f i c i e n t  i s  a l s o  included i n  the  va lue  of Z2, which could r e s u l t  
i n  2 having magnitude g r e a t e r  than 1. 2 
Combining Equations (2), (3)  and ( 4 )  w e  ob ta in  an  express ion  for m i n  
terms of Ps - PB. 
Equation (5) can be  used t o  c o r r e l a t e  experimental  measurements f o r  m vs 
Ps - PB.  I n  us ing  Equation (5)  one would gene ra l ly  eva lua te  t h e  o r i f i c e  
c o e f f i c i e n t  KY by s e p a r a t e  experimental measurement on t h e  o r i f i c e  a lone .  
This  would then leave  the  two c o e f f i c i e n t s  r and Z2 a s  a d j u s t a b l e  para- 
1 
m e t e r s  t o  f i t  Equation (5)  t o  the  d a t a  f o r  rh vs P - PB. 
S 
APPLICATION OF FEEDING REGION ANALYSIS TO A B - 5  BEARING 
The geometry of t h e  NASA AB-5 bearing i s  such t h a t  t h e  o v e r a l l  p re s su re  
loss i n  t h e  feeding region should be influenced s i g n i f i c a n t l y  by t h e  
e f f e c t s  of p re s su re  recovery i n  the feeder  ho le  and p res su re  loss i n  t h e  
en t rance  region t o  the  bear ing clearance.  However, i n  t h e  a n a l y s i s  of 
t he  AB-5  bear ing  r e c e n t l y  performed by MTI (Ref . l ) ,  t he  o v e r a l l  feeding 
reg ion  p res su re  l o s s e s  were assumed t o  be those due t o  t h e  o r i f i c e  a lone ,  
an assumption made necessary  by the l ack  of knowledge concerning t h e  
a c t u a l  feeding  c h a r a c t e r i s t i c s  of t h i s  bear ing.  With t h e  above s impl i fy ing  
assumption, matching feeder  region downstream wi th  t h e  upstream p res su re  
a t  t h e  s t a r t  of t h e  laminar c learance flow requi red  us ing  the  u n r e a l i s t i c  
procedure of matching the  pressures  a t  a po in t  t h a t  was a c t u a l l y  wi th in  
the  feeder  ho le .  It w a s  concluded by MTI t h a t  t o  f u r t h e r  improve t h e  
a n a l y s i s  of t h e  AB-5 bear ing ,  i t  would be necessary t o  take  more accu ra t e  
account of t he  behavior of t he  flow i n  t h e  feeding  reg ions  of t h i s  bear ing .  
-6a- 
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To t r y  t o  ob ta in  some idea  of the r e l a t i v e  magnitude of t he  d i f f e r e n t  
p re s su re  l o s s e s  i n  the  feeder  region of t h e  AB-5 bear ing ,  an  a t tempt  
was made t o  apply equat ion (5) t o  a v a i l a b l e  experimental  da t a  on t h e  
AB-5 bearing.  From t h e  NASA da ta  
2588-10, -12, -14 and -16 p a r t i c u l a r  opera t ing  cond i t ions  of mass flow 
r a t e  and bear ing  c learance  were se l ec t ed .  
flow rate and c l ea rance  a p a r t i c u l a r  va lue  of t h e  o r i f i c e  source  s t r e n g t h ,  
C,  w a s  ca l cu la t ed .  C is  def ined i n  Reference 1 as 
This was done i n  the fol lowing way. 
Corresponding t o  each mass 
Given a va lue  of C ,  t h e  laminar flow p res su re  p r o f i l e  i n  t h e  bear ing  
could  be determined by the  MTI ana lys i s  presented  i n  Reference 1. 
p a r t i c u l a r ,  Figure 16 i n  t h i s  re ference  g ives  va lues  o f ,  Pi, t h e  p re s su re  
i n  t h e  bear ing  c l ea rance  a t  t h e  edge of t h e  o r i f i c e  feeding  ho le ,  from 
which one could obta in  P 
feeding  reg ion .  
I n  
- Pi, the o v e r a l l  p re s su re  loss ac ross  the  
S 
When va lues  of P. w e r e  determined i n  t h e  above manner, i t  was found t h a t  
f o r  small clearances,( h < 6 x 10 lr),), t h e  va lues  of P. were g r e a t e r  than 
t h e  supply pressure .  
t h e o r e t i c a l l y  p red ic t ed  pressure  p r o f i l e s  f o r  gas bear ings  wi th  laminar 
f law,  i t  i s  be l ieved  t h a t  t he  unreasonably l a r g e  va lues  obta ined  f o r  P i 
were the  r e s u l t  of e r r o r  i n  t h e  measurement of e i t h e r  m o r  h. Some 
evidence suppor t ing  t h i s  b e l i e f  
p r o f i l e s  c a l c u l a t e d  by MTI ana lys i s  agree  e x a c t l y  wi th  t h e  p re s su re  p r o f i l e s  
measured>by NASA i f  one assumes a value  f o r  C which i s  less than t h a t  co r re s -  
ponding t o  t h e  NASA measurements of m and h. 
t h a t  r e l i a b l e  values of t h e  pressure  loss ac ross  t h e  AB-5 feeding  reg ions  
cannot  be obta ined  from t h e  p re sen t ly  a v a i l a b l e  da t a  on t h i s  bear ing .  S ince  
i t  i s  of demonstrated importance t o  know the  AB-5 feeding  c h a r a c t e r i s t i c s ,  
i t  i s  reconmended t h a t  s p e c i f i c  measurements of t h e  o v e r a l l  p re s su re  loss over 
t h e  feeding reg ion  be made f o r  the AB-5 bea r ing  a t  d i f f e r e n t  mass flow r a t e s ,  
p re s su res  and c l ea rances  and t h a t  equat ion  (5) be used t o  c o r r e l a t e  t he  
measurements. An experimental  program f o r  t h e  purpose i s  o u t l i n e d  i n  
Appendix A. 
- J  1 
1 
I n  view of t h e  gene ra l ly  e x c e l l e n t  accuracy of 
i s  provided by the  f a c t  t h a t  t h e  p re s su re  
I n  any case ,  t h e  f a c t  remains 
. 
4 
SUPERSONIC ENTRANCE FLOW 
nE ria-w *...-- r.1,. sur attentiGn to the case ir; which superslznic f l m  occurs 
i n  t h e  bear ing c l ea rance  For ease i n  d i scuss ing  t h i s  phenomenon, w e  
w i l l  consider  t he  s p e c i f i c  case  of a c i r c u l a r  t h r u s t  bear ing such as 
i s  shown i n  Figure 2. However, the phys ica l  concepts discussed w i l l  
apply,  i n  gene ra l ,  t o  a l l  e x t e r n a l l y  fed bear ings.  To gain an under- 
s t a n d i n g  of t h e  condi t ions under which supersonic  flow w i l l  occur i n  
t h e  en t r ance  region of a bear ing,  let  us consider  what happens t o  t h e  
flow through t h e  c i r c u l a r  t h r u s t  bearing shown i n  Figure 2 ,  when t h e  
ambient P r e s s u r e  P a t  t h e  e x i t  of t h e  bea r ing  i s s t e a d i l y  reduced 
wh i l e  t h e  f eede r  hole  supply pressure P and the  bear ing c l ea rance  h 
are kept  cons t an t .  The f irst  curve (curve 1) shows a s i t u a t i o n  i n  
which Pa i s  only s l i g h t l y  less than P . 
son ic  everywhere and t h e  p re s su re  d i s t r i b u t i o n  has t h e  following chara- 
cterist ics.  There i s  a decrease i n  p re s su re  t o  t h e  po in t  a co r re s -  
ponding t o  t h e  a c c e l e r a t i o n  of the flow e n t e r i n g  t h e  clearance.  Down- 
stream of a 
p res su re  of t h e  flow is recovered. A t  t h e  p o i n t  bl ,  t h e  dynamic p res su re  
of t h e  flow i s  n e g l i g i b l e  and laminar flow i s  e s t a b l i s h e d  i n  t h e  bear ing.  
Eowstream of b t h e  p re s su re  d i s t r i b u t i o n  curve i s  t h a t  corresponding 
1 
t o  laminar flow. 
a 
0 
I n  t h i s  ca se  t h e  flow i s  sub- 
0 
1' 
t h e  flow r a p t d l y  dece le ra t e s  and some of t h e  dynamic 1' 
1 
As t h e  ex i t  p re s su re  P 
m a s s  flow ra te  through the  bearing inc reases  u n t i l  t h e  p o i n t  i s  reached 
where t h e  p re s su re  a t  a i n  t h e  i n l e t  t o  t h e  bear ing c l ea rance  i s  0.528 
t i m e s  P t h e  f eede r  ho le  pressure.  A t  t h i s  p o i n t ,  t h e  flow i n  t h e  i n -  
l e t  t o  t h e  bear ing c l ea rance  w i l l  be a t  s o n i c  v e l o c i t y  and t h e  f l o w  w i l l  
be "choked" , t h a t  i s ,  t h e  maximum flow ra te  corresponding t o  t h e  given 
P and flow en t r ance  area w i l l  have been obtained. Downstream of t h e  
p o i n t  a t h e  flow s t i l l  dece le ra t e s  subson ica l ly ,  recovering some of t h e  
dynamic p res su re  of t he  f l o w ,  u n t i l  laminar flow is  e s t ab l i shed .  








FIG. 2 SUPERSONIC OPERATION Of CIRCULAR THRUST BEARING 
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Now, i f  t h e  bear ing exit  pressure i s  reduced s t i l l  f u r t h e r  below t h a t  
corresponding t o  po in t  b 
a2 w i i i  both remain unchanged. 
c o n d i t i o n  be s a t i s f i e d ,  t h e  flow downstream of the  p o i n t  a must now 
become supersonic  and i t s  eventual t r a n s i t i o n  t o  subsonic laminar flow 
must now t ake  p l a c e  by means of a normal shock. This s i t u a t i o n  is  
i l l u s t r a t e d  by curve a b b'C 2 3 3 4 '  3 
A t  b 
t o  t h e  p o i n t  h;. 
t h e  mass flow and t h e  p re s su re  a t  t h e  p o i n t  2' 
However, i n  u ider  that  the e x i t  p re s su re  
2 
From a2 t o  b t h e  flow i s  supersonic .  
a normal shock occurs and the  p re s su re  inc reases  discont inuously 3 
F r m  h i  tc! C3 the flow LIS s ~ ~ b s m i c  and l m i n a r .  
A s  t h e  ex i t  p re s su re  i s  reduced s t i l l  f u r t h e r  below t h e  po in t  C3, t h e  p o s i t i o n  
of t h e  shock i n  t h e  bear ing clearance w i l l  move s t e a d i l y  toward the  bea r ing  
e x i t  as i n d i c a t e d  by t h e  dashed l i n e  a b b b'C 
t h e  bear ing e x i t ,  t h e  e n t i r e  flow i n  t h e  bea r ing  w i l l  be  supersonic and 
f u r t h e r  decrease i n  ex i t  pressure w i l l  have no e f f e c t  on t h e  p re s su re  
d i s t r i b u t i o n  i n  t h e  bearing. The p res su re  d i s t r i b u t i o n  f o r  t h i s  f i n a l  
s i t u a t i o n  i s  i n d i c a t e d  by the  dashed l i n e  a2b4C5. 
When t h e  shock reaches 2 3 4 4 4 '  
Although t h e  flow i n  a bear ing i s  more complex when supersonic flow occurs ,  
i t  a c t u a l l y  i s  much easier t o  a n a l y t i c a l l y  c a l c u l a t e  t h e  performance of 
bear ings under t h e s e  condi t ions than when t h e  flow i s  e n t i r e l y  subsonic.  
The reason fo r  t h i s  i s  t h a t  under supersonic  flow cond i t ions ,  t h e  m a s s  f l o w  
r a t e  i s  determined by t h e  son ic  condi t ions a t  t h e  minimum c o r s s - s e c t i o n ,  
flow area i n  t h e  bear ing i . e .  a t  t h e  en t r ance  t o  t h e  bear ing clearance.  
T h e o r e t i c a l l y ,  t h i s  mass flow r a t e  i s  given by F l e i g n e r ' s  formula (Ref.2). 
where Po = Feeder hole s t a g n a t i o n  p res su re  PSIA 
To = Feeder hole s t a g n a t i o n  temperature R 
A = Flow c ross - sec t ion  area a t  bea r ing  c l ea rance  
0 
0 en t r ance  i n  2 
1 -  
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I f  t h e  m a s s  flow rate through the bear ing i s  known, then t h e  pressure 
d i s t r i b u t i o n  i n  t h e  laminar flow region downstream of t h e  shock can be  
r e a d i l y  ca l cu la t ed .  A l s o ,  as  w i l l  be shown l a t e r ,  t h e  p re s su re  d i s t r i b u t i o n  
i n  t h e  supersonic flow region appears t o  be p red ic t ed  remarkably w e l l  by 
means of t h e  equat ions governing one-dimension a d i a b a t i c  flow i n  ducts  with 
f r i c t i o n  and a r e a  change. The only d e t a i l s  of p re s su re  d i s t r i b u t i o n  which 
cannot be r e a d i l y  p red ic t ed  a r e  the d e t a i l s  of t he  p re s su re  r ise through 
t h e  shock system i n  t h e  bearing. 
occupies only a s m a l l  f r a c t i o n  of t h e  r a d i a l  d i s t a n c e  i n  a bear ing,  and t h u s  
the d e t a i l s  of pres su re  d i s t r i b u t i o n  a s s o c i a t e d  w i t h  i t  are no t  too  i m -  
p o r t a n t  with r e s p e c t  t o  t h e  o v e r a l l  load c h a r a c t e r i s t i c s  of t he  bearing. 
This  shock system, however, gene ra l ly  
Le t  u s  now consider  t h e  equations by which the  p re s su re  d i s t r i b u t i o n  i n  a 
bea r ing  can be c a l c u l a t e d  under conditions of supersonic  flow i n  t h e  en- 
t r a n c e  r eg ion  of t h e  bearing. F i r s t ,  i t  is assumed t h a t  a t  t h e  very en- 
t r a n c e  t o  t h e  bear ing c l ea rance ,  i .e.  a t  t h e  po in t  of minimum area f o r  t h e  
flow, t h e  flow is a t  s o n i c  ve loc i ty .  Furthermore, it is  assumed t h a t  t h e  
a c c e l e r a t i o n  of t h e  flow from s t agna t ion  condi t ions i n  t h e  f eede r  ho le  t o  
s o n i c  condi t ions a t  t h e  bear ing entrance t akes  p l a c e  i s e n t r o p i c a l l y .  This 
assumption e s t a b l i s h e s  t h a t  t h e  pressure a t  t h e  bear ing entrance would be 
0.528 t i m e s  t h e  s t a g n a t i o n  pressure i n  t h e  feeder  ho le .  This r e s u l t  i s  
obtained from t h e  equat ions governing one dimensional i s e n t r o p i c ,  compress- 
i b l e  flow. 
Once i n  t h e  bear ing clearance,  the flow cont inues t o  a c c e l e r a t e  t o  a super- 
s o n i c  v e 1 o c i t y . h  analyzing t h i s  flow i t  i s  assumed t h a t  i t  i s  a d i a b a t i c  
and t h a t  i t  can be adequately described as a one dimensional flow. The 
la t te r  assumption i s  probably reasonable s i n c e ,  for p r a c t i c a l  bea r ing  
c l ea rances ,  t h e  flow i n  t h e  supersonic r eg ion  w i l l  be  t u r b u l e n t .  The 
assumption of a d i a b a t i c  condi t ions i s  more ques t ionab le ,  s i n c e  t h e  bulk 
s t a t i c  temperature of t h e  flow with no e x t e r n a l  h e a t  t r a n s f e r  w i l l  be very 
much lower than t h e  bear ing temperature. However, f r i c t i o n a l  d i s s i p a t i o n  i n  t h e  
boundary l a y e r  of t h e  flow w i l l  c r e a t e  a r eg ion  of high temperature near  the 
bea r ing  s u r f a c e s  which would l i m i t  t h e  h e a t  t r a n s f e r r e d  t o  t h e  flow from t h e  
bear ing.  The n e t  e f f e c t  could very w e l l  be a n e a r l y  a d i a b a t i c  flow cond i t ion .  
1 
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With t h e  above assumptions, t h e  equat ions governing t h e  supersonic  flow 
i n  t h e  bear ing  are: 
a [I .C [ K - r )  M a ]  fG/D db- 
( B  - dr" K M 4  d A  K /v\ P --)A- 
2 (I- M' ) (7) 
where 
M = MachNumber 
= Hydraulic diameter i n  bear ing  c l ea rance  DB 
f = F r i c t i o n  f a c t o r  f o r  t u rbu len t  
A = Flow c ross  sec t ion  a r e a  i n  bear ing  
r = r/rb 
r = r a d i a l  p o i n t  a t  which minimum flow c r o s s  s e c t i o n  
- 
0 occurs ( sonic  t h r o a t ) .  
To o b t a i n  t h e  p re s su re  d i s t r i b u t i o n  i n  t h e  supersonic  flow region,  i t  i s  
f i r s t  necessary to_ ia tegra te  Equation ( 8 )  t o  ob ta in  va lues  of M2 which then  
can be used i n  Equation (7) t o  obtain va lues  of P. One can no te  t h a t ,  f o r  
M >  1, t h e  e f f e c t  of a r a d i a l  increase  i n  flow a rea  is  t o  inc rease  t h e  flow 
Mach Number and decrease the  s t a t i c  p re s su re  while  t he  e f f e c t  of f r i c t i o n  is 
e x a c t l y  oppos i te  t o  t h i s .  Equations (7)  and (8) were i n t e g r a t e d  f o r  fou r  
d i f f e r e n t  values  of t h e  parameter fro . The r e s u l t s  a r e  shown i n  Figures  3 
and 4 .  DB 
Unless t h e  s t a g n a t i o n  p res su re  i n  t h e  feeder  hole  of t h e  bear ing  i s  extremely 
high o r  bear ing  c l ea rance  i s  very  la rge ,  t h e  supersonic  flow i n  the  en t r ance  
r eg ion  of t h e  bear ing  c l ea rance  w i l l  even tua l ly  go through a t r a n s i t i o n  t o  
subsonic  laminar flow. Although, i n  a c t u a l i t y ,  t h i s  t r a n s i t i o n  takes  p l ace  
by m e a n s  of a complicated system of obl ique  and normal shocks,  i t  can,  f o r  
a n a l y t i c a l  purposes,  be considered t o  take  p l ace  by means of a s i n g l e  normal 
shock. P the  s t a t i c  p re s su re  obtained fol lowing t h e  normal shock is  expressed 
i n  terms of M and P t h e  Mach Number and p res su re  preceding t h e  shock, by 









FIG. 3 MACH NUMBER vs RADIAL POSITION FOR SUPERSONIC 














By means of Equation (9), a curve of P vs .  r can be obtained corresponding - Y 
t o  each of t h e  curves of P vs .  r fo r  supersonic  flow shown i n  Figure 4 .  
These curves of P 
g ive  the i n i t i a l  va lue  of t he  s t a t i c  p re s su re  f o r  t h e  subsonic ,  laminar flow 
downstream of normal shock occurr ing a t  d i f f e r e n t  va lues  of r. 
l abe led  recovery curves,  are shown i n  Figure 4 .  They 
Y' 
- 
I f  t h e  subsonic ,  laminar flow i n  the  bear ing  i s  assumed t o  be i so thermal ,  
and i f  i n e r t i a  e f f e c t s  a r e  neglected,  then the  p re s su re  d i s t r i b u t i o n  f o r  
subsonic  laminar flow can be ca l cu la t ed  from t h e  expression: 
where m =  
P '  
- 
To - 
Rc - - 
h =  
R =  
'a - - 
Mass flow rate lb / sec  
Vi scos i ty  a t  ambient temperature  
Ambient Temperature- R 
Gas cons t an t  - in /o  
Bearing Clearance - in .  
Radial  of bear ing - i n .  






A s  noted earlier, m, t he  mass flow r a t e  through the  bear ing ,  is determined by 
the  cond i t ion  of son ic  o r  "choked" flow a t  t h e  en t r ance  t o  the  bear ing  c l e a r -  
ance and is given t h e o r e t i c a l l y  by F le igne r ' s  formula 
Now, Equation (10) is  der ived by neglec t ing  the  i n e r t i a l  terms i n  the  equat ions  
of motion f o r  viscous laminar f l o w .  I n  c l o s e  t o  t h e  c e n t e r  of a c i r c u l a r  t h r u s t  
bear ing ,  however, i n e r t i a l  e f f e c t s  can have a s i g n i f i c a n t  e f f e c t  on t h e  p re s su re  
g r a d i e n t  accompanying the  flow. 
a t tempt ing  t o  match the c a l c u l a t e d  s t a t i c  p re s su re  i n  t h e  laminar flow regime 
This e f f e c t  can be important  when one i s  
-15- I 
t o  t h e  c a l c u l a t e d  p res su re  downstream of the  shock t r a n s i t i o n  from super-  
son ic  t o  subsonic  flow. To so lve  the  equat ions of motion with both  the  
v i a L w u s  and non-linear iaertiai  terms included is a very difficult task. 
One can, however, ob ta in  a f i r s t  order i n e r t i a l  c o r r e c t i o n  t o  equat ion  (10) 
q u i t e  e a s i l y  by means of t h e  following procedure. Assuming a pa rabo l i c  
v e l o c i t y  d i s t r i b u t i o n  across t he  bear ing c l ea rance  and uniform p res su re  
ac ross  t h e  c learance ,  and l e t t i n g  Vm r e p r e s e n t  t h e  mean v e l o c i t y  i n  t h e  
r a d i a l  d i r e c t i o n ,  t h e  p re s su re  grad ien t  i n  t h e  r a d i a l  d i r e c t i o n  due t o  
_ _ _  - - - 
i n e r t i a  e f f e c t s  1s gi.ren by: 
/3 - 1.2- 
5, 
where t h e  f a c t o r  1.2 i s  obtained as a r e s u l t  of t h e  parabol ic  v e l o c i t y  
d i s t r i b u t i o n .  The d i f f e r e n c e  i n  pressure  between the  po in t  r and R which 
arises because of i n e r t i a  e f f e c t s  can be obtained by i n t e g r a t i n g  equat ion  (12) 
between those  po in t s .  
o b t a i n  f o r  t he  i n t e g r a l  of (12) 
Using the  mean va lue  theorem of i n t e g r a l  va l cu lus  w e  
c 
w h e r e p  is  some mean va lue  of the dens i ty  between t h e  poin ts  r and R. 
Equation (13) can now be used t o  obtain a f i r s t  o rder  i n e r t i a l  c o r r e c t i o n  t o  
the  p re s su re  d i s t r i b u t i o n  given by Equation (10). The procedure is  as fol lows.  
Vm (R) is c a l c u l a t e d  e x a c t l y  s i n c e  the  m a s s  flow r a t e  through t h e  bear ing  is  
known and the  dens i ty  a t  R is the  ambient dens i ty .  Next, V (r) is c a l c u l a t e d  
approximately by assuming t h a t  t h e  pressure  a t  r i s  t h a t  p red ic t ed  by Equation 
(lo), t h e  d e n s i t y  a t  r being determined from t h e  p re s su re  by means of t h e  con- 
d i t i o n  of i so thermal  f low.  Now, t h e  mean va lue  of d e n s i t y  i n  Equation (13), 
must l i e  between t h e  maximum and minimum va lue  of p i n  t h e  region between r and 
R. The minimum value  of /3 is  &, . The maximum of w i l l  be  approximately 




a t  r. Corresponding t o  t h e s e  maximum and minimum values  of 
one can  ob ta in  maximum and minimum f i r s t  o rder  eva lua t ion  of P ( r )  Pa inertia c - 1  
b -16- 
It should  be obvious from the  way i n  which t h e  above i n e r t i a  c o r r e c t i o n  is  
c a l c u l a t e d  t h a t  it w i l l  be accu ra t e  only when t h e  co r rec t ion  amounts t o  a 
szall percectage of th~_ unczrrectzd pressure. I n  a l l  2a52s, hz~eve r ,  t he  
c o r r e c t i o n  does provide a simple way of e s t ima t ing  t h e  magnitude of t h e  
e f f e c t  of i n e r t i a  terms on t!he laminar flow p res su re  d i s t r i b u t i o n ,  and un- 
doubtedly t h e  c o r r e c t i o n  always do2s 3 r i n g  t h e  pirrely viscous p re s su re  d i s -  
t r i b u t i o n  c l o s e r  t o  t h e  exac t  p r e s s u r e  d i s t r i b u t i o n .  
4 
I n  t h e  ahove paragraphs are b r i e f l y  presented t h e  equat ions and procedures 
f o r  t h e  c a l c u l a t i o n  of p re s su re  d i s t r i b u t i o n  i n  a c i r c u l a r  t h r u s t  bear ing  
wi th  supersonic  flow. The a n a l y s i s  i s  no t  new o r  o r i g i n a l  bu t  i s ,  b a s i c a l l y ,  
t h e  approach suggested by Mori (Ref.3) f o r  ana lyz ing  the  supersonic  p re s su re  
depress ion  i n  e x t e r n a l l y  pressur ized  bear ings .  
a n a l y s i s  presented he re  and t h a t  presented by Mori i s  the  use  i n  t h e  p re sen t  
a n a l y s i s  of computer i n t e g r a t e d  supersonic  flow equat ions.  A second d i f f e r e n c e  is 
t he  suggested f i r s t  o rder  i n e r t i a l  co r rec t ion  f o r  t he  p re s su re  d i s t r i b u t i o n  
i n  t h e  subsonic  flow regime. 
One d i f f e r e n c e  between the  
I n  o rde r  t o  see e x a c t l y  how t h e  above equat ions are used, l e t  us cons ider  a 
sample problem. L e t  us c a l c u l a t e  the p re s su re  d i s t r i b u t i o n  f o r  t h e  c i r c u l a r  
t h r u s t  bear ing  shown i n  F igure  5 under t h e  fol lowing conditiorrs wi th  a i r  a s  
t h e  l u b r i c a n t .  
R - Radius of bear ing - 3 i n .  
r - Radius of feeder ho le  - .0625 i n .  
h - Bearing c learance  - .004279 i n .  
0 
2 
= 1 . 6 8 ~ 1 0 - ~  i n  
rOh 
- Flow a r e a  a t  en t r ance  t o  bear ing  t 2 
- Stagnat ion  pressure i n  feeder  ho le  = 85  p s i a  
- 
- b b i e n t  pressure  14.7 p s i a  





Stagnat ion  temperature i n  feeder  ho le  = 540°R 
A t  p r e s e n t ,  w e  s h a l l  simply assume t h a t  t he  above condi t ions  would r e s u l t  i n  
supersonic  flow i n  the  bear ing .  Later t h e r e  w i l l  be d iscussed  a s imple c r i t e r i o n  
which can be appl ied  t o  i n d i c a t e  whether supersonic  flow i s  o r  i s  not  l i k e l y  t o  
-17- i 
occur under a given set of  condi t ions.  
son ic  flow t o  occur, t h e  r e s u l t i n g  c a l c u l a t i o n  would i n d i c a t e  whether t h e  
assumption i s  c o r r e c t .  
I n  any case ,  i f  one assumed super- 
The f i r s t  t h i n g  t o  be ca l cu la t ed  i s  t h e  Reynolds number f o r  t h e  flow i n  t h e  
b e a r i n g  clearance.  
t h a t  s o n i c  condi t ions are reached i s e n t r o p i c a l l y .  Therefore,  cond i t ions  a t  
t h i s  p o i n t  can be c a l c u l a t e d  from t a b l e s  of one dimensional i s e n t r o p i c  com- 
p res s ib l e - f low func t ions  . 
A t  t h e  entrznce t o  t h e  bea r ing  clearance it i s  assumed 
* 
W e  g e t  - 
M = l  
T = 
V = 1040 f t / s e c .  
p = . 6 3 4 6  = 0 . 2 7  l b / f t  
1 = 1.075 x l b / s e c . f t .  
D = 2h = .713 x 10 f t .  
.8333 To = 450'R 
3 
-3 
4 P V D  = 1.85 x 10 
P 
Now,  i n  t h e  bea r ing  c l ea rance  t h e  quan t i ty  / 3 V r  i s  a cons t an t .  Therefore p V  
varies a s  l / r .  However, wich supersonic f low,  t h e  temperature of t he  flow, 
and hence p, decreases  wi th  r. Therefore,  one can say t h a t  t h e  Reynolds Number 
decreases  i n  t h e  bear ing c l ea rance  a t  a ra te  somewhat less than l / r .  Since f ,  
t h e  f r i c t i o n  f a c t o r ,  depends on Reynolds Number t o  only approximately t h e  
minus one-fourth power, one can reasonably consider  t h e  f r i c t i o n  f a c t o r  t o  
be c o n s t a n t  over a range f o r  which t h e  r ad ius  changes by only a f a c t o r  of 
two o r  three. 
Based on t h e  Reynolds Number ca l cu la t ed  above f o r  flow a t  t h e  bea r ing  en t r ance ,  
t h e  f r i c t i o n  f a c t o r  f i s  determined from s t anda rd  p l o t s  of f vs. NRe t o  be 
f = .026 
from which w e  g e t  
0 = 0.19 0.2 f r  
D 
-
* f o r  example,Reference 4. 
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Referring to Figure 4, where solutions of equations (8) and (9) are plotted 
for various values of fr we obtain our solution for the pressure distribution 
0' -
D 
in the supersonic flow region for the case fro,D=0.2. 
corresponding curve for P 
These two curves are plotted in Figure 5. 
We also obtain the 
the recovered pressure following a normal shock. 
Y Y  
Next one calculates the mass flow rate through the bearing. This can be done 
using Equation (11) or can be done directly from the already calculated values 
for p and V at the bearing entrance by using the relation 
Using this value of m in Equation (10) together with the appropriate value of 
p for air at ambient temperature we get 
Equation (17) gives the pressure distribution in the laminar regime downstream 
of the normal shock neglecting inertia terms. This distribution is plotted 
in Figure 5. The first order inertia correction for this pressure distribution 
is obtained from Equation (13) .  
is determined from the relationship 
The calculations are as follows. FirstVm(R) 
from which we get 
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The value of P(r) is obtained from the values of P(r) given by Equation (17).  
For example at r = .300 in., P(r) from Equation (17) is 21.3 psia. 
Since 
Substituting P (r), m and r in (20) we get 
Other values of Vm (r) are obtained in the same way. 
value of the inertia correction we use the value = pa. =.0735 -3 in 
equation (13) to get 
To evaluate the minimum 
lb 
ft 
L?(.i.3) - P,] = -2.1 p5-l (minimum correction) (24) 
InerTtL 
d 
To evaluate the maximum value we use ,O = P (r=.3)= 0.105 lb/ft3 
(13) to get - 
in equation 
(maximum correction) (25) 
I n e rtr  Q/ 
The corrections are applied by adding them to the initial value of P(r) obtained 
neglecting inertia terms. 
Figure 5. The area between the two curves is filled in with single-hatched 
shading and represents the region in which the actual pressure distribution 
would be predicted to lie. 
The two corrected curves of P(r) are shown in 
Finally we come to the prediction of the point at which the normal shock would 
occur in the bearing. In order that the supersonic flow region by correctly 
linked to the subsonic flow region, the normal shock should occur at the point 
where the inertia-corrected subsonic pressure curve intersects the recovered 
pressure curve. Since the former curve is given as a bounded region. The 
c 
S 
p r e d i c t e d  p o s i t i o n  f o r  t h e  normal shock w i l l  a l s o  be determined a s  a region. 
This r eg ion  i s  shown f i l l e d  i n  wi th  cross-hatching i n  Figure 5. 
From t h e  above a n a l y s i s ,  t h e  t o t a l  predicted pressure d i s t r i b u t i o n  f o r  t h e  
case under cons ide ra t ion  would be as follows. From t h e  p o i n t  r = r t o  t h e  
r eg ion  between r = .227 i n .  and r = .240 i n . ,  t h e  p re s su re  would follow t h e  
supersonic  flow curve. I n  t h e  region between r = .227 i n .  and r = .240 i n .  
a normal shock should occur and t h e  p re s su re  should jump up t o  t h e  recovery 
curve.  Downstream of t h i s  t h e  pressure would l i e  i n  t h e  s i n g l e  hatched r eg ion  
i . e .  t h e  p red ic t ed  region f o r  laminarsubsonic flow. 
0 
CRITERIA FOR DETEWNING I F  SUPERSONIC FLOW OCCURS I N  AN EXTERNALLY 
PRESSURIZED BEARING 
Determining i f  supersonic flow w i l l  occur i n  an e x t e r n a l l y  p re s su r i zed  bear ing 
invo lves ,  e s s e n t i a l l y ,  determining whether a s o l u t i o n  of t h e  kind j u s t  calcu-  
l a t e d  above exists f o r  t h e  flow through t h e  bear ing.  To pu t  i t  another  way, 
supersonic  flow w i l l  exis t  through the bea r ing  i f  the p re s su re  curve f o r  
laminar,  subsonic flow i n  t h e  bearing and t h e  p re s su re  curve f o r  supersonic  
flow i n  the  en t r ance  t o  t h e  bear ing can be  jo ined  by means of a normal shock 
r e l a t i o n .  Re fe r r ing  t o  Figure 5 w e  see t h a t  t h i s  j o i n i n g  of t he  subsonic 
and supersonic  flow regions w i l l  be t h e o r e t i c a l l y  p o s s i b l e  i f  t he  subsonic 
flow curve i n t e r s e c t s  t h e  recovery curve which gives t h e  downstream p res su res  
fol lowing a normal shock i n  t h e  bearing c l ea rance .  
s imple c r i t e r i a  f o r  when t h i s  occurs, however, appears impossible.  The p r i n c i p l e  
d i f f i c u l t y  l ies  i n  t h e  f a c t  t h a t ,  i n  o rde r  t o  c a l c u l a t e  t h e  subsonic flow 
p res su re  d i s t r i b u t i o n  i n  near  t h e  cen te r  of a c i r c u l a r  t h r u s t  bear ing,  i t  i s  
necessary t o  t ake  account of i n e r t i a  e f f e c t s .  
of such a bearing,  a f i r s t  order  co r rec t ions  f o r  t h e s e  i n e r t i a  terms suggested 
above would no longer be adequate. Solving t h e  exac t  Navier-Stokes equat ions 
with i n e r t i a  term included,  however, would be a very complicated t a s k .  
Developing an exac t  y e t  
I n  very c l o s e  t o  t h e  c e n t e r  
-21 - 
Although an e x a c t  y e t  simple c r i t e r i o n  f o r  t h e  e x i s t e n c e  of supersonic flow 
i n  t h e  bea r ing  may n o t  be p o s s i b l e ,  it would s t i l l  be of considerable  use  t o  
. -22- 
. 
have a rough c r i t e r i o n  t o  i n d i c a t e  whether one i s  near  t he  region 
supersonic  operat ion.  I n  t h e  following paragraphs t h e r e  i s  devel 
of 
Ped 
a r a t h e r  simple y e t  conse rva t ive  c r i t e r i o n  t o  i n d i c a t e  whether a bear- 
i n g  i s  s t i l l  s ecu re ly  w i t h i n  t h e  region of e n t i r e l y  subsonic operat ion.  
This c r i t e r i o n  i s  based on the  following phys ica l  reasoning. Bas i ca l ly ,  
supersonic  flow w i l l  no t  occur i n  a n  e x t e r n a l l y  p re s su r i zed  bea r ing  when 
t h e  d i f f e r e n c e  between the  supply p re s su re  i n  t h e  feeder  ho le  and t h e  exit 
p re s su re  i s  less than t h e  pressure drop a t t a i n a b l e  through t h e  bea r ing  w i t h  
e n t i r e l y  subsonic flow. Now, i t  can be  shown t h a t  f o r  a f i x e d  m a s s  flow 
r a t e ,  t h e  p re s su re  drop through the bea r ing  neg lec t ing  i n e r t i a  terms w i i i  
always be less than t h e  p re s su re  drop c a l c u l a t e d  inc lud ing  i n e r t i a  terms. 
Combining t h e  above two inequa l i ty  cond i t ions ,  i t  follows t h a t  i f  t he  d i f f -  
erence between the  feeder  hole  pressure and t h e  ambient p re s su re  i s  less 
than t h e  p re s su re  drop through the neg lec t ing  i n e r t i a  terms assuming a 
"choked" m a s s  flow rate ,  then flow i n  t h e  bea r ing  w i l l  be  e n t i r e l y  
subsonic.  This i s  t h e  c r i t e r i o n  suggested f o r  p r e d i c t i n g  a conservat ive 
l i m i t  t o  subsonic operat ion.  This c r i t e r i o n  can be expressed i n  a lgeb ra i c  
form i n  t h e  following way. 
bea r ing  neg lec t ing  i n e r t i a  terms is obtained from Equation(10).  
The ca l cu la t ed  p res su re  drop through t h e  
For "choked" flow nh i s  given by Equation (11). 
Now, our l i m i t  f o r  subsonic flow ope ra t ion  i s  taken t o  be t h e  p o i n t  a t  which 
where P ( r  ) i s  c a l c u l a t e d  from Equation (26) combined with Equation (27). 
Equations (26), (27) and (28) taken toge the r  serve t o  de f ine  a value of 
0 
below which subsonic flow should occur. Solving (26) (27) 
I 
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W e  can now d e f i n e  an index N a s  
s o  t h a t  our c r i t e r i o n  f o r  subsonic flow becomes: 
N < 1  Bearing has subsonic flow 
throughout . 
N > 1  Flow may be supersonic i n  
p a r t  of bear ing.  
As noted above, t h e  c r i t e r i o n  t h a t  N be less than u n i t y  f o r  subsonic flow 
i s  a conservat ive one. From experimental evidence t o  be discussed s h o r t l y ,  
it appears t h a t  N t h e  va lue  of N f o r  which supersonic  flow w i l l  a c t u a l l y  
occur i n  a bear ing,  l ies  somewhere i n  t h e  range 
C Y  
Therefore ,  our c r i t e r i o n  does n o t  appear t o  be s o  
u e s l e s s .  On the  o the r  hand, it i s  f i rmly  bel ieved 
conservat ive as t o  be 
t h a t  supersonic  flow 
w i l l  never occur i n  a c i r c u l a r  t h r u s t  bear ing under condi t ions f o r  which 
N is  less than one. 
COMPARISON OF THEORY WITH EXPERIMENT 
I n  Figures  5,6 and 7 t h e  supersonic flow theory o u t l i n e d  i n  t h e  previous 
pages i s  compared wi th  some unpublished experimental  da t a  taken i n  1958 
a t  t h e  F rank l in  I n s t i t u t e  Laboratories i n  Ph i l ade lph ia  under ONR Research 
c o n t r a c t  Nonr - 2342(00). The data were taken on a c i r c u l a r  t h r u s t  




(b )  LAMINAR CURVE WITH MAXIMUM 
ROUNDED ENTRANCE 
I RADIAL DISTANCE -THOUSANDTHS 
FIG. 6 SUPERSONIC PRESSURE DISTRIBUTION 











( a )  LAMINAR CURVE WITH MINIMUM 
(b)LAMlNAR CURVE WITH MAXIMUM 
I I 
' I INERTIAL CORRECTION 
INERTIAL CORRECTION 
j 




I !  I 
I 1 1 1 ROUNDED ENTRANCE 
/ I [  I ! 1 P =20 PSlG 









I /  ARANKLIN DATA i i j 
# 
I /  SUPERSONIC FLOW 1 
RECOVERY CURVE 
I I 
I I I 1 Y' I 
/LAMINAR SUBSONIC CURVE 
I I I I ! 
I I 
FOR NORMAL SHOCK 
I 1 I 1 
300 400 
RADIAL DISTANCE - THOUSANDTHS 
FIG. 7 SUPERSONIC PRESSURE DISTRIBUTION 
- I  
. I -26- I 
t h e  top of Figure 5. The minimum flow a r e a  ( son ic  t h r o a t )  occurs a t  
t h e  p o i n t  r o =  0.625 inches.  
The da ta  are considered t o  be preliminary i n  n a t u r e  as t h e  Frankl in  
I n s t i t u t e  i s  i n  t h e  process of reproducing and expanding t h e  da t a  on 
a redesigned test  r i g .  Hmever, t h e s e  prel iminary m,easur-nents appear 
t o  have been made wi th  exceptional c a r e  and accuracy, and t h e  wr i te r  
is  indebted t o  M r .  John T. HcCabe of t h e  F rank l in  I n s t i t u t e  f o r  g ran t -  
ing permission t o  t h e  w r i t e r  t o  show t h e  da t a .  
The t h e o r e t i c a l  c a l c u l a t i o n s  and t h e  experimental  measurements i n  
Figures  5 through 7 are i n  general ly  e x c e l l e n t  agreement. 
s t r i k i n g  i s  t h e  very c l o s e  agreement i n  t h e  r eg ion  of supersonic flow. 
The t h e o r e t i c a l  supersonic  flow curves shown i n  these  f i g u r e s  w e l l  a l l  
c a l c u l a t e d  by us ing  a constant  f r i c t i o n  f a c t o r  based on t h e  Reynolds 
Number a t  t h e  en t r ance  t o  the  bearing. A comparison of t h e  curves i n  
Figures  5 and 6 reveals t h a t  t h e  va lue  of t h e  f r i c t i o n  f a c t o r  does have 
a s i g n i f i c a n t  e f f e c t  on t h e  pressure d i s t r i b u t i o n  curves.  
P a r t i c u l a r l y  
The experimentally measured pressure rise from the supersonic  flow curve 
tz the schsgnic f l m  curve is seen t o  t a k e  place  over a r a d i a l  d i s t a n c e  
of about 0 . 1  inches r a t h e r  than ab rup t ly  and discont inuously a s  would 
be p red ic t ed  f o r  a n  i d e a l  normal shock. This i n d i c a t e s  t h a t  t h e  shock 
system i n  t h e  bear ing probably c o n s i s t s  of a series of p a r t i a l l y  obl ique 
and p a r t i a l l y  normal shocks r a t h e r  than c o n s i s t i n g  of a s i n g l e  normal 
shock. 
would i n t e r a c t  with t h e  boundary l a y e r  i n  the  bea r ing  g iv ing  rise t o  
ob l ique  shocks. 
shock t o  occur does l i e  w i t h i n  the range over which t h e  a c t u a l  shock 
system appears t o  be spread. 
This would be expected t o  occur ,s ince a s i n g l e  normal shock 
I n  any case, the p red ic t ed  l o c a t i o n  f o r  a s i n g l e  normal 
Downstream of t h e  shock system, t h e  measured laminar subsonic p re s su re  
d i s t r i b u t i o n  i s  seen t o  ag ree  i n  a l l  ca ses  with t h e  p red ic t ed  subsonic 
p re s su re  d i s t r i b u t i o n  including t h e  f i r s t  o rde r  c o r r e c t i o n  f o r  i . ne r t i a .  
-27- 
. 
This  i n d i c a t e s  t h a t  t he  flow rate through t h e  bea r ing  is  c o r r e c t l y  
p r e d i c t e d  by expression (11) and a l s o  t h a t  t h e  f i r s t  o rde r  c o r r e c t i o n  
for i n e r t i a  i s  Fairly accura t e  ( i f  t h e  co r rec t ion  is  simII!) IC 
connection with the  use of expression (11) t o  p r e d i c t  "choked" mass 
flow rate ,  it w a s  a l s o  observed by P. F. Carrothers  (Ref. 2 )  t h a t  
t h i s  expression w a s  i n  agreement with experiment t o  w i th in  3% i n  t h e  
case of c i r c u l a r  t h r u s t  bear ings with sha rp  edged en t r ance  regions.  
O f  the varieus pressme distribution C U T V ~ S  m e a ~ ~ e d  a t  the  Franklin 
I n s t i t u t e ,  only two appeared t o  be nea r  t h e  cond i t ion  where supersonic  
flow w a s  j u s t  s t a r t i n g  t o  occur i n  t h e  bear ing.  This cond i t ion  would be 
cha rac t e r i zed  by a p re s su re  d i s t r i b u t i o n  curve which decreased t o  
0.528 P a t  t h e  en t r ance  t o  the  bearing and then immediately began t o  
i n c r e a s e  aga in  i n  t h e  bear ing clearance.  One of t he  F rank l in  curves ,  
corresponding t o  a l l  subsonic flow, decreased t o  a va lue  of 0.65 P a t  
t h e  bea r ing  en t r ance ,  which corresponds t o  a n  en t r ance  Mach Number of 
0.8. For t h i s  cond i t ion  t h e  ca l cu la t ed  value f o r  N w a s  1.28. A second 
of F rank l in ' s  curves decreased t o  a minimum v a l u e  of .435 P i n  t h e  
en t r ance  region of t h e  bear ing.  This corresponds t o  an est imated Mach 
Number of 1.1. The va lue  for N i n  t h i s  case w a s  1.76. For the  Frankl in  
Bearing, t he re fo re ,  supersoniL iluw wvuld appiei i t ' ly  s t s i t  r ; t  a --e'--- Y Q L U C  c r ~  -= 




APPLICATION OF SUPERSONIC FLOW THEORY TO AB-5 BEARING 
The d i scuss ion  of supersonic flow i n  bear ings presented thus f a r  has re- 
l a t e d  s p e c i f i c a l l y  t o  t h e  case of a c i r c u l a r  t h r u s t  bea r ing  i n  which 
t h e r e  w a s  r a d i a l  symmetry about the feeder  ho le .  I n  t h e  case  of t h e  NASA 
AB-5 bear ing,  none of t h e  o r i f i c e s  i s  pos i t i oned  s o  as t o  have a r a d i a l l y  
symmetric geometry about i t .  However, i n  t h e  a n a l y s i s  of t h i s  bea r ing  by 
MTI, i t  w a s  found t h a t  t h e  ca l cu la t ed  p res su re  and flow d i s t r i b u t i o n s  f o r  
t h e  bea r ing  d i d  demonstrate a considerable  degree of r a d i a l  symmetry i n  
the  v i c i n i t y  of  each o r i f i c e .  On t h e  b a s i s  of t h i s  f i nd ing ,  t h e r e f o r e ,  i t  
appears t h a t  t he  a n a l y s i s  of supersonic flow p res su re  d i s t r i b u t i o n  presented 
above f o r  a c i r c u l a r  t h r u s t  bearing could be appl ied d i r e c t l y  t o  t h e  
KASA AB-5 bearing without i ncu r r ing  very much e r r o r ,  provided t h e  
supersonic Flow regime d id  not  extend too f a r  from each o r i f i c e  i . e .  
beyond a d i s t a n c e  o f ,  s ay ,  0.25 inches from t h e  o r i f i c e .  It should 
be r e a l i z e d ,  however, t h a t  t he  p re s su re  d i s t r i b u t i o n  i n  t h e  subsonic 
laminar regime f o r  t h e  AB-5 bearing would n o t  be given by equat ion 
(10) bu t  would be obtained from t h e  MTf computer program f o r  t h e  
AB-5 bearing wi th  p o i n t  source feeding. 
detemkiea the ~ M S S  f l ~ ~ - r i r t e  f i a  each orifice as part of its cal-  
c u l a t i o n  d u t i e s .  I n  the case of supersonic  flow through each o r i f i c e ,  
t h e  m a s s  f l o w  ra te  i s  f ixed  by the  cond i t ion  of "choked" son ic  flow 
a t  t h e  en t r ance  t o  t h e  bearing. Therefore ,  i n  t h i s  case, t h e  MTI 
computer program would simply c a l c u l a t e  t h e  subsonic flow p res su re  
d i s t r i b u t i o n  i n  t h e  AB-5 bearing us ing  the  given mass flow rates f o r  
each o r i f i c e .  Unfortunately,  i n  i t s  p resen t  form, t h e  MTI computer 
program cannot c a l c u l a t e  pressure d i s t r i b u t i o n s  f o r  a "mixed" operat-  
i n g  cond i t ion ,  i .e.  one i n  which some o r i f i c e s  are feeding wi th  sub- 
son ic  flow and some o r i f i c e s  a r e  feeding w i t h  supersonic  flow. 
Normally, th is  program 
Considerable d i f f i c u l t i e s  remain i n  c a l c u l a t i n g  t h e  performance of t h e  
AB-5 bearing under supersonic  r'iow Lunci i t ioas  , even using the simyiiiied 
approach suggested above. One d i f f i c u l t y  i s  t h a t  of c a l c u l a t i n g  t h e  
choked" mass flow rate through each o r i f i c e .  This  can be done by using 11 
Equation ( 6  ) i . e .  
(33) 
Pb A, 
K m 0.532 
I n  us ing  expression (331, however, t h e  problem arises as t o  how 
t o  determine t h e  proper va lue  f o r  P . P is  t h e  s t a g n a t i o n  p res su re  
i n  t h e  f eede r  hole.  To determine t h i s  i t  is  necessary t o  know no t  only 
t h e  m a s s  flow vs p res su re  d i f f e r e n c e  c h a r a c t e r i s t i c s  f o r  t h e  bea r ing  
o r i f i c e s ,  bu t  i t  i s  a l s o  necessary t o  know t h e  e x t e n t  t o  which t h e  dyna- 
mic p re s su re  of t h e  flow through t h e  o r i f i c e  i s  recovered i n  t h e  f eede r  
ho le .  As noted ear l ie r  i n  t h i s  r e p o r t ,  t h e  e x t e n t  t o  which p res su re  i s  




Assuming t h a t  t h e  s t agna t ion  pressure i n  each o r i f i c e  feeding h o l e  can 
be determined as a funct ion of mass flow r a t e ,  t he  t o t a l  c a l c u l a t i o n  
sf pzessiire distribution iii the AB-; beailfig under supersonic  f l o w  
condi t ions would involve t h e  following s t eps .  F i r s t ,  t h e  mass flow rate 
through each o r i f i c e  would be determined us ing  Equation (6 ) p lus  the  Po 
vs m r e l a t i o n  f o r  t h e  o r i f i c e .  
r e q u i r e  several i t e r a t i o n s .  Next, t h e  supersonic  p re s su re  d i s t r i b u t i o n  
around each o r i f i c e  would be  determined. 
t o  evaluate the parameter fr 
w i t h i n  t h e  bear ing,  then it  i s  suggested t h a t  a l i n e a r  average of t h e  
c l ea rance  a t  t h e  r i m  of t he  feeder h o l e  be used t o  o b t a i n  a va lue  f o r  D. 
I n  c a l c u l a t i n g  t h e  supersonic  pressure d i s t r i b u t i o n  around a n  o r i f i c e ,  
i t  i s  assumed t h a t  t h e  flow p a t t e r n  i s  r a d i a l l y  symmetric i n  the  v i c i n i t y  
of each o r i f i c e  s o  t h a t  t he  curves presented i n  Figure 4 could be used. 
Determing m i n  t h i s  way would pro3ably 
To do t h i s  i t  would be necessary 
If the journal is eccentrically l oca t ed  o / D '  
With t h e  m a s s  flow rate from each o r i f i c e  known, t h e  subsonic flow p res su re  
d i s t r i b u t i o n  throughout t h e  bearing would be determined from t h e  MTI ana- 
l y s i s  of t h e  AB-5 bearing w i t h  point source feeding.  It should be noted 
t h a t  t h i s  a n a l y s i s  assumes t h a t  laminar flow exists r i g h t  up t o  t h e  edge 
of each o r i f i c e  f eede r  ho le .  However, i t  seems l i k e l y  t h a t  t he  flow 
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r e g a r d l e s s  of whether supersonic  o r  subsonic flow were occurr ing i n  t h e  
immediate v i c i n i t y  of each o r i f i c e .  This conclusion i s  based on t h e  f a c t  
t h a t  t h e  mass flow d i s t r i b u t i o n  tends t o  be r a d i a l l y  symmetric i n  t h e  
v i c i n i t y  of each o r i f i c e  under subsonic, laminar flow condi t ions and would 
be expected t o  tend t o  be  equa l ly  symmetric under supersonic ,  t u r b u l e n t  
flow cond i t ions .  
The c a l c u l a t e d  p res su re  d i s t r i b u t i o n  i n  the  subsonic and supersonic  regions 
of flow i n  t h e  AB-5 bearing would be joined o r  matched a t  t h e  p o i n t s  a t  
which t h e  subsonic p re s su re  curves i n t e r s e c t  t h e  supersonic  recovery curves 
(see F i g u r e 5  ). The e x t e n t  of r a d i a l  symmetry of p re s su re  i n  t h e  subsonic 
flow regime a t  t h e s e  r a d i i  would give a n  i n d i c a t i o n  of how reasonable  t h e  
assumption of r a d i a l  symmetry w a s  f o r  t h e  supersonic  regime. 
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The t o t a l  p ressure  "loss" occurr ing i n  t h e  en t rance  reg ion  of an ex- 
t e r n a l l y  pressur ized  gas bear ing  i s  a complicated phenomenon c o n s i s t -  
i ng  of loss  due t o  t h e  feeding o r i f i c e ,  loss due t o  imperfect  re- 
covery of t h e  flow dynamic pressure i n  t h e  feeder  ho le ,  and loss asso-  
c i a t e d  wi th  t h e  flow e n t e r i n g  the  bear ing  c learance  from t h e  feeder  
hole .  These l o s s e s  cannot be pred ic ted  exac t ly  a n a l y t i c a l l y ;  however, 
a semi-empirical  equat ion  was der ived which relates the  t o t a l  p ressure  
loss over the  en t r ance  region t o  the  mass flow r a t e  through t h e  bear ing.  
The a p p l i c a t i o n  of t h i s  equat ion t o  t h e  A B - 5  bear ing  i s  d iscussed ,  and 
some experimental  measurements a r e  recommended which, when c o r r e l a t e d  by 
means of t he  above mentioned equat ion,  should se rve  t o  determine the  feed-  
ing  c h a r a c t e r i s t i c s  of t he  AB-5  bearing.  These recommended measurements 
a r e  descr ibed  i n  Appendix A .  
The phenomenon of supersonic  flow occurr ing i n  the  en t rance  reg ion  of a 
e x t e r n a l l y  p re s su r i zed ,  c i r c u l a r  t h r u s t  bear ing  appears t o  be s u s c e p t i b l e  
t o  q u i t e  accu ra t e  a n a l y t i c a l  p red ic t ion .  
bear ing  under t h e s e  condi t ions  appears t o  agree  q u i t e  c l o s e l y  wi th  t h a t  
p red ic t ed  assuming "choked" (sonic)  flow a t  t h e  en t rance  t o  the  bear ing  
c learance .  A l s o ,  t h e  p re s su re  d i s t r i b u t i o n  i n  t h e  supersonic  reg ion  s e e m s  
t o  be p red ic t ed  very  w e l l  by t h e  equat ions governing one-dimensional com- 
p r e s s i b l e  flow i n  ducts  wi th  f r i c t i o n  and a r e a  change. One complicat ion 
t h a t  a r i s e s  when analyzing supersonic flow i n  bear ings i s  t h a t  i n  t h e  sub- 
son ic  flow regime j u s t  downstream of shock t r a n s i t i o n ,  i n e r t i a  fo rces  may 
s t i l l  be q u i t e  s i g n i f i c a n t  i n  the  flow. A f i r s t  o rder  c o r r e c t i o n  t o  account 
f o r  t h e s e  was suggested i n  t h i s  r epor t .  
accu ra t e  provided it does not amount t o  more than say ,  10% of t h e  c a l c u l a t e d  
pressure .  
The mass flow r a t e  through t h e  
This c o r r e c t i o n  appears  t o  be f a i r l y  
For bear ings o the r  than c i r c u l a r  t h r u s t  bear ings ,  t he  problem of ana lyz ing  
supersonic  flow opera t ion  i s  made cons iderably  more complicated by the  
l a c k  of geometr ical  symmetry about t h e  feeding  holes .  However, i t  appears  
t h a t  even i n  non-c i rcu lar  bear ing geometr ies ,  t h e  flow f i e l d s  tend toward 
r a d i a l  symlnetry about feeding holes .  Therefore ,  i t  is  concluded t h a t  super-  
sonic  flow ana lys i s  presented i n  t h i s  r e p o r t  can be app l i ed  d i r e c t l y  t o  the  
AB-5  bear ing  geometries provided the  supersonic  flow reg ions  a r e  confined t o  
t h e  immediate v i c i n i t y  of t h e  feeding ho le s ,  
-31- 
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APPENDIX A 
Experimental Measurements t o  Determine AB-5 Bearing Feeding 
C h a r a c t e r i s t i c s .  
Equation (5 ) ,  der ived  i n  the  t e x t  of  t h i s  r e p o r t ,  
expresses  m ,  t he  mass flow r a t e  through a s i n g l e  feeding ho le ,  
a s  a func t ion  of P 
ing  reg ion  ( See. Fig.  1). Equation (5) conta ins  t h r e e  empir ica l  
f a c t o r s ,  KY yr, and z which a r e  t o  b e  determined by experiment.  
The f i r s t  of t hese  t o  be determined should be KY t h e  o r i f i c e  co- 
e f f i c i e n t .  KY should be evaluated by having t h e  o r i f i c e  of i n -  
terest  d ischarge  d i r e c t l y  t o  ambient p re s su re  and measuring t h e  
mass flow r a t e  vs P 
o r i f i ce  and P i s  t h e  ambient pressure .  
c a l c u l a t e d  by means of equat ion (2)  below 






- Pa where P i s  t h e  upstream p res su re  f o r  t h e  
S s 
Values of ICY1 would then  be 
a 
J t  
a P - P  
P 
S . Values 
S 
The va lues  of KY obtained should be c o r r e l a t e d  vs 1 
of  KY should be determined for  t h e  whole range of mass f low r a t e s  
from near  ze ro  up t o  c r i t i c a l  mass flow r a t e .  
1 
To eva lua te  t h e  c o e f f i c i e n t s  I and z2 one should measure P 
f o r  t h e  t e s t  c m d i t i o n s  t o  b e  enumerated l a t e r .  Values of P - P could 
be measured wi th  the  same experimental  equipment as  was used previous ly  
by NASA t o  measure pressure  p r o f i l e s  i n  the  AB-5 bear ing  i . e .  t h e  p re s su re  
d i s t r i b u t i o n  curves measured A p r i l  11, 1962.  It should be  emphasized 
t h a t  t h e  p re s su re  measurement sens ing  hole  should be kept  a s  smal l  a s  





p o s s i b l e  i . e .  2 - 3 m i l s  i n  diameter. By obta in ing  pressure  p r o f i l e s  
i n  t h e  v i c i n i t y  of the  bear ing feeding holes  one can ob ta in  a q u a l i t a t i v e  
p i c tu re"  of t he  flow i n  the  v i c i n i t y  of t h e  o r i f i c e  as w e l l  a s  obtain I 1  
a va lue  of P 
p re s su re  p r o f i l e s  with those a n a l y t i c a l l y  p red ic t ed  by MTI ana lys i s .  
should he lp  t o  reso lve  the  discrepancy betwee= theory z r ~ d  exprimetlt  
d i scussed  on page 6 a  i n  t h e  t e x t .  
- PB. Also ,  more important ly ,  one can compare the  measured 
S 
This 
The experimental  condi t ions  f o r  which t h e  p re s su re  p r o f i l e s  should be 
measured a r e  a s  follows: 
a/Ao - 0.10,  0 . 2 0 ,  0 . 4 0 ,  0 . 6 , l . O  
Ambient Pressure  - Atmospheric 
Mass Flow Rate - zero  t o  c r i t i c a l  ( i . e .  c r i t i c a l  m a s s  flow 
through o r i f i c e )  
One should note  t h a t ,  f o r  a given o r i f i c e  a rea  a ,  each p a r t i c u l a r  va lue  
of t h e  r a t i o  a/Ao corresponds t o  a p a r t i c u l a r  va lue  of t h e  bear ing  
c learance .  Five d i f f e r e n t  mass flow r a t e  condi t ions  should s u f f i c e  t o  
cover  t h e  whole range of  m a s s  flow r a t e s  t o  be inves t iga t ed ,  i . e .  
f i v e  d i f f e r e n t  mass flow r a t e  measurements should be  made f o r  each 
va lue  of a/Ao. 
